Toxicity to Anagrus spp. of fungicides and insecticides used in grape production was assessed with laboratory and field bioassays. Field-equivalent rates of fungicides were relatively nontoxic to Anagrus spp. adults in laboratory bioassays. In bioassays with fieldweathered residues, sulfur (9600 ppm) caused elevated mortality of adults for 14 to 21 days posttreatment. Residues of microencapsulated methyl parathion (600 and 1200 ppm) increased mortality relative to the control up to 43 days posttreatment. Duration of elevated mortality of adults exposed to carbaryl was dose dependent and ranged from 14 (at 1200 ppm) to >43 days (at 4800 ppm). Residues of carbaryl and methyl parathion applied over parasitized eggs had little effect on emergence, but may have delayed development. In a field trial, adults trapped in carbaryl-treated plots were significantly reduced starting 3 weeks after treatment. Subsequent lower trap catches may have been related to effects of residues on Anagrus spp. adults or to lower leafhopper egg densities in treated plots.
Anagrus epos Girault has long been known to provide effective biological control of Erythroneura elegantula Osborn and Erythroneura variabilis Beamer in California (Doutt and Nakata, 1965; Flaherty et al., 1992) and Washington (Wells and Cone, 1989) . Recent studies in New York have also shown that several Anagrus species, including Anagrus daanei Triapitsyn, Anagrus erythroneurae Triapitsyn and Chiappini, and Anagrus tretiakovae Triapitsyn (Triapitsyn, 1998; Williams and Martinson, 2000) , are common parasitoids of Erythroneura leafhoppers. Erythroneura comes Say, Erythroneura bistrata McAtee, and Erythroneura vitifex Fitch are important pests of Vitis vinifera L, interspecific hybrid, and Vitis labruscana Bailey grape cultivars grown in the northeastern United States and Canada (Martinson and Dennehy, 1995) . These studies suggest that Anagrus spp. adults emerge from overwintering leafhopper eggs embedded in twigs of woody shrubs and trees in border areas and enter vineyards just as Erythroneura leafhoppers begin oviposition in vineyards (Williams and Martinson, 2000) . This parasitoid initially is aggregated at vineyard edges and disperses through the vineyards by mid-July. It typically parasitizes 60 -90% of second-generation leafhopper eggs (Williams and Martinson, 2000) .
As with other native biological control organisms, an important management question is how to maximize their effects on leafhoppers while minimizing the disruption caused by insecticides and fungicides applied to control other arthropod pests or plant pathogens. Minimizing the number of pesticide applications through the use of economic thresholds and substituting more selective materials for broad-spectrum insecticides are the most commonly cited methods used to conserve biological control organisms. Understanding the effect of these materials on Anagrus spp. is crucial to devising specific management guidelines to conserve this parasitoid in commercial vineyards.
Here we report results of four experiments assessing the effect of pesticide applications on Anagrus spp. First, we screened the most commonly used fungicides for their toxicity to adult Anagrus spp. at field-equivalent rates. We then tested the length of time that field-weathered insecticide residues remained toxic to adults. The third experiment tested how spray residues applied over parasitized eggs would affect emergence of Anagrus spp. from Erythroneura spp. eggs. Finally, we tested effects of varying insecticide rates on population trends of both leafhoppers and Anagrus spp. under commercial application conditions.
MATERIALS AND METHODS
Bioassay methods. Adults were exposed to dried pesticide residues on grape leaf disks contained within enclosed bioassay units. Bioassay units were made of two pieces of Plexiglas (0.63 cm thick). The top of the unit had a 2.5-cm hole, with dialysis tubing (Spectra/ Por 12-14,000 MWCO; Spectrum Medical Industries, Los Angeles, CA) attached to the top. An additional 2-mm hole was drilled at a 45°angle to enable us to introduce adult Anagrus into the unit. At the bottom of the unit, the leaf disk (3.5 cm diameter) was placed over a layer of slightly moistened cotton. The top and bottom of the unit were held together with rubber bands.
For each bioassay, Anagrus spp. were reared from field collections of grape leaves infested with parasitized E. bistrata. Grape leaves were collected weekly and placed in 3.78-liter cardboard containers. Adults emerged from eggs in the leaves and were collected in vials at the tops of the units. Ten to 15 adults were aspirated from the rearing vials into a 200-l pipette tip (Laboratory Product Sales, Rochester, NY) and introduced into the bioassay cell with a small burst of air. The entrance hole was then plugged with cotton.
Each bioassay replicate consisted of all materials and rates plus an untreated control leaf. Individuals were counted and scored as live or dead after an entire replicate was transferred to the bioassay units and again after 4 h exposure to materials being tested. Because transfers inevitably involved some mortality, the total number alive and dead was calculated by subtracting the number dead at 0 h from those dead at 4 h. For each replicate, 5 to 15 adults were tested. They were scored as dead if they exhibited no movement. Individuals with even slight movement were scored as alive.
Fungicide bioassays. Adults were exposed to resi- 7-day intervals beginning 1 day after treatment, leaf disks were collected from the field and used in bioassays. Each treatment at each time interval was replicated 2 to 15 times. The number of replicates varied because we did not always have enough Anagrus spp. adults to complete more replicates. Proportional mortality for each treatment was calculated by dividing the number of dead adults by the total number of adults in the experimental unit. The experiment was analyzed as a randomized complete block using two-factor ANOVA on arcsine square-root-transformed mortality.
Single degree-of-freedom contrasts were used to compare mortality of each treatment against mortality in the control treatment.
Residues over parasitized eggs. Insecticides were applied to leafhopper egg cohorts established in a vineyard where Anagrus spp. were active. Ten to 15 E. bistrata adults were caged in clip cages (6 cm diameter by 3 cm deep) on August 10, 1995, and allowed to oviposit until August 13 when cages were removed. Insecticides were applied with a hand-held mist sprayer on August 17 to individual leaves containing the cohorts of leafhopper eggs. Leaves were sprayed to runoff. Each experimental unit was removed from vines on September 25. Leafhopper eggs found within the caged area of the leaf were examined under a dissecting microscope and classified into six categories: (1) hatched and parasitized eggs had a circular emergence hole characteristic of Anagrus spp. (Wells and Cone, 1989); (2) hatched, unparasitized eggs had a characteristic slit-like emergence scar indicating a leafhopper had emerged; (3) unhatched-late Anagrus spp. eggs were those in which pigmented, fully formed adults could be seen; (4) unhatched-immature eggs had a visible Anagrus spp. larva or pupa inside; (5) unhatched-unparasitized eggs were those in which a leafhopper embryo with a red eyespot was clearly visible; and (6) unhatched-unknown death eggs were often black, with no distinguishing characteristics nor exit holes.
From these six categories we calculated the proportion of eggs parasitized, proportion of parasitized eggs from which Anagrus spp. had emerged, and proportion of dead eggs (parasitized or unparasitized). Proportion of eggs parasitized was calculated by adding the number in each category (categories 1, 3, and 4) and dividing by the total number of eggs present. The proportion of parasitized eggs emerged was calculated by dividing the hatched-parasitized category (category 1) by the total number of eggs with identifiable Anagrus spp. present (categories 1, 3, and 4). The proportion of dead eggs was calculated by adding unhatched, immature Anagrus spp. (category 4), unhatched leafhopper eggs (category 5), and unhatched-unknown eggs (category 6) and dividing by the total number of eggs. A large number of eggs containing adult, but unemerged, Anagrus spp. were found. We assumed these individuals to have nearly completed development and to be viable. One-way analysis of variance was done on the arcsinetransformed proportion of eggs parasitized, proportion of Anagrus spp. hatched, proportion of dead eggs, and proportion of Anagrus spp. near emergence. Single degree-of-freedom contrasts of each treatment with the untreated control eggs were then done to test for significant differences in proportions (␣ ϭ 0.05).
Field spray experiment. A large-scale field experiment, testing the effect of high and low rates of carbaryl and insecticidal soap on population trends of E. bistrata and Anagrus spp., was done in 1995. Four treatments were applied: 2.25 kg ai/ha of carbaryl (Sevin 80 WP; Rhone Poulenc), 0.56 kg/ha of carbaryl, 2% (9.6 liter/ha) insecticidal soap (M-Pede, Mycogen, San Diego, CA), and an untreated control. Treatments were arranged in a randomized complete block design with five replicates per treatment. Each experimental unit consisted of four rows by 72 vine lengths (11 by 175 m or 0.19 ha) of "Castel 196-17" vines. Rows ran perpendicular to a wooded border area that served as a source for Anagrus spp. colonizing the vineyard (Williams and Martinson, 2000) . Insecticide treatments were applied on June 30 with a hooded boom sprayer calibrated to deliver 933 liter/ha (100 gal/acre) of spray solution. In each unit, a yellow sticky trap (7.6 by 12.7 cm) was placed directly adjacent to the vine trunk, on the low trellis wire, about 1 m above the ground. Traps were located three vine lengths from the vineyard edge, in one of the two center rows of each treatment. Each trap was replaced weekly from June 21 to September 11. Adult Anagrus spp. trapped on the sticky card were then counted in the laboratory, and trap catches per day were calculated. Weekly counts of E. bistrata nymphs were made in each unit from June 26 to August 21, by sampling 10 shoots per experimental unit. On each shoot, we counted the number of nymphs on leaf nodes 3 to 7 (counting from the basal node). Mean number of nymphs per shoot for each unit was calculated and subjected to analysis of variance.
Two-way ANOVAs on Anagrus spp. trap catches and E. bistrata nymphal counts were done for each week that data were collected. Each insecticide treatment was then compared with the control (no insecticide) treatment using single degree-of-freedom contrasts (␣ ϭ 0.05).
RESULTS
Fungicide bioassays. Most of the fungicides tested increased mortality of Anagrus spp. adults compared to leaves treated with water alone (Fig. 1) . Contrasts of fungicide treatments with control mortality showed significantly higher mortality (P Ͻ 0.05) for captan (t ϭ 2.34, P ϭ 0.02), ferbam (t ϭ 3.16, P ϭ 0.003), copper hydroxide ϩ lime (t ϭ 2.27, P ϭ 0.03), and both 960 (t ϭ 2.24, P ϭ 0.03) and 9600 ppm (t ϭ 5.61, P Ͻ 0.001) of sulfur. Mortality of Anagrus spp. exposed to mancozeb (t ϭ 1.15, P ϭ 0.25) or myclobutanil (t ϭ 2.01, P ϭ 0.05) was not significantly different from that in the control treatments. With the exception of the 9600-ppm sulfur treatment, estimated mortality in the fungicide treatments ranged between 20 and 40%, modestly higher than the 10 -12% mortality in the untreated control. The 9600-ppm sulfur treatment, however, resulted in 74% mortality, which was substantially higher than observed in the other treatments.
Field residue decay experiment. Mortality of adult Anagrus spp. exposed to field-aged pesticide residues ( Fig. 2 ; Table 2) showed clear trends over time, compared to the control treatment. The number of replicates per treatment day varied (Table 2) because we were unable to collect enough adults on some dates. Inadequate replication 7 (n ϭ 3) and 28 days (n ϭ 2) posttreatment resulted in low statistical power to detect differences. The number of replicates on the remaining sample dates (1, 14, 21, 35, and 42 days posttreatment) ranged from n ϭ 8 to n ϭ 16, adequate to calculate statistical tests. Mortality from the sulfur treatment ( Fig. 2A) was significantly different from that of the control on day 1 and day 14 (Table 2) . After 14 days posttreatment, mortality was not significantly different from control mortality ( Table 2) . Both rates of methyl parathion (Fig. 2B) caused high rates of mortality of Anagrus spp. adults throughout the experiment that were significantly different from control mortality (Table 2) , though on day 43 mortality began to decline in the 600-ppm treatment. The three rates of carbaryl (Fig. 2C) were clearly distinguishable. Mortality rates from the three carbaryl treatments were similar through the 14-day posttreatment bioassay. However, mortality declined sharply at 21 days posttreatment for the lowest rate of carbaryl (1200 ppm) and was not significantly different from control mortality for the remainder of the experiment (Table 2) . Mortality from the 2400-ppm treatment declined slowly, averaging 64% at 35 days posttreatment and 50% at 43 days posttreatment. By 43 days posttreatment, mortality at the 2400 rate was clearly intermediate between the 4800-and the 1200-ppm rates.
FIG. 2. Mortality (Ϯ1 SEM) of
Anagrus spp. adults exposed to field-weathered spray residues in laboratory bioassays. Statistical tests shown in Table 2 . (A) Sulfur, (B) microencapsulated methylparathion, and (C) carbaryl.
FIG. 1.
Mortality (Ϯ1 SEM) of Anagrus spp. adults exposed to fungicide residues on treated concord leaves in residual bioassays. N ϭ 12 for group 1; N ϭ 13 for group 2. Significant differences in mortality contrasted with untreated control indicated with * (P Ͻ 0.05) or ** (P Ͻ 0.01).
Effects of residues on parasitized eggs. Ten to fifteen replicates, comprising 96 to 220 leafhopper eggs, were recovered from the field. The mean percentage of eggs parasitized was between 63 and 75%, and no differences were observed among treatments (Fig. 3A) . Adult Anagrus spp. had emerged from 83% of parasitized eggs in the control treatment at the time that data were taken (Fig. 3B) . About 11% were fully developed, yet unemerged (Fig. 3D) . The proportion of Anagrus spp. adults emerged from the carbaryl treatments was not significantly different from that of the control treatment ( Fig. 3B) , indicating that carbaryl did not adversely affect development at the concentrations applied. In contrast, both the 600-and the 1200-ppm methyl parathion treatments showed reduced emergence compared to leaves without residues (t ϭ 4.93, P Ͻ 0.001; t ϭ 2.65, P ϭ 0.01; respectively) (Fig. 3B) . Proportions of eggs that were "dead" were higher in the 600-ppm methyl parathion treatment (t ϭ 3.0, P ϭ 0.004) than in the control, but not in any other treatment (Fig. 3C) . Finally, the proportions of eggs with fully developed, but unemerged Anagrus spp. (Fig. 3D) 
FIG. 3.
Effects of carbaryl and microencapsulated methyl parathion residues applied over parasitized E. bistrata eggs. Number of eggs recovered and number of experimental units (in parentheses) are shown in (A).
were higher in both the 600-ppm (t ϭ 2.22, P ϭ 0.03) and the 1200-ppm (t ϭ 2.81, P ϭ 0.007) methyl parathion treatments than in the control treatment, suggesting that the methyl parathion treatments may have caused delays in development and emergence of Anagrus spp.
Field spray trial. Nymphal counts before treatment were similar in all blocks. Counts were significantly different ( Figs. 4A and 4B; Table 3 ), however, on the first sampling period following treatment for both the 2.48 and the 0.56 kg/ha rates of carbaryl. Nymphal counts remained significantly lower in the sprayed carbaryl plots on all sample dates except July 24 (Table 3 ). In the insecticidal soap treatment ( Fig. 4C; Table 3 ), nymphal counts were significantly lower than in the untreated block only on the July 6 sample date, 1 week after treatment. Trap catches of Anagrus spp. were not immediately affected by the insecticide application ( Figs. 4D-4F ; Table 3 ). The first significant differences appeared during the July 24 -31 sample period, 19 to 26 days posttreatment. During this sample period, significantly fewer adults were trapped in both carbaryl treatments (Table 3) . Subsequently, counts were numerically lower in both carbaryl treatments and significantly lower for the August 21-28, August 28 -September 4, and September 11-18 sample periods. For the 0.56 kg/ha carbaryl treatment, counts were also significantly lower during the August 7-14 sample period (Table 3) .
DISCUSSION
Under field conditions, Anagrus spp. are exposed in a variety of ways to pesticides. Adults are exposed to spray residues while searching for leafhopper eggs to parasitize. Immature stages are protected within leafhopper eggs from exposure to surface residues during their 2-to 3-week development period (Cate, 1975; Martinson, unpublished data) , but may incur toxic effects through contact with residues that migrate through leaf tissue or leafhopper oviposition scars into leafhopper eggs. The experiments were designed to test the effect of these routes of exposure and to measure population changes on a commercial scale in response to different insecticide treatments. Most of the fungicides except sulfur imposed little additional mortality on adult Anagrus spp. exposed in laboratory bioassays. Fungicides tested included a sterol inhibitor (myclobutanil), dithiocarbamates (mancozeb, captan, ferbam), and inorganic compounds (copper hydroxide ϩ lime and sulfur). These comprise the most commonly used classes of fungicides except strobilurins, which were not registered when the study was completed. The bioassays may have underestimated the effects of fungicide residues, because adults were exposed for only 4 h, a small fraction of their 4-to 5-day life span (Cate, 1975; Williams and Martinson, 2000) . The follow-up study with field-aged residues showed that sulfur increased mortality up to 14 days posttreatment in laboratory bioassays. Fungicide use in New York vineyards varies from 2-3 applications for V. labruscana cultivars to 6 -10 applications for V. vinifera and interspecific hybrid cultivars (Weigle et al., 1995) . Sulfur is mainly used on V. vinifera and hybrids during the second half of the growing season. The overall effect of these disease management programs on Anagrus spp. may be modest, particularly early in the growing season when sulfur is not used.
Field-weathered insecticide residues of carbaryl and methyl parathion remained active against adult Anagrus spp. for up to 43 days posttreatment in laboratory bioassays, suggesting that they probably adversely affect adults and reduce parasitization of leafhopper eggs following insecticide applications. Duration of residue toxicity with carbaryl was rate-dependent. This suggests that by using lower rates, growers might reduce disruption of adult Anagrus spp. activity in vineyards.
The lowest rate of carbaryl tested (0.56 kg ai/ha) is effective in controlling some Erythroneura spp. populations, but not other important pests such as the grape berry moth, Endopiza viteana Clemens (Martinson et al., 1991; Weigle et al., 1995) .
Anagrus spp. immature stages developing within leafhopper eggs were protected against insecticide residues applied after Anagrus spp. oviposition. The proportions of Anagrus spp. adults that emerged from leaves treated with concentrations of carbaryl ranging from 1200 to 4800 ppm were not reduced in comparison with the untreated control. Methyl parathion delayed development and emergence of Anagrus spp. immatures (Fig. 3B) , although fully developed Anagrus spp. pupae were visible and appeared ready to emerge (Fig.  3D) at the end of the experiment. Only the 600-ppm methyl parathion rate increased egg mortality (Fig.  3C ). This refuge from lethal insecticide residues during the 2-to 3-week immature stages (Cate, 1975; Williams and Martinson, 2000) means that even if adults suffer high mortality, immatures can persist in vineyards. Thus insecticides with short residual action might have a minimal effect on Anagrus spp. population dynamics.
In the field insecticide trial, both the high (2.25 kg ai/ha) and the low (0.56 kg/ha) rate carbaryl treatments reduced nymphal E. bistrata populations (Figs. 4A and 4B) (Martinson et al., 1994) , and Anagrus spp. parasitization rates can range from 60 to 90% by the second leafhopper brood (Williams and Martinson, 2000) . Because Anagrus spp. overwinter in wild hosts and colonize vineyards from border areas (Williams and Martinson, 2000) , vineyards in which insecticides have been used may be recolonized and benefit from biological control in the subsequent growing season. Avoiding early insecticide sprays and using thresholdbased management to minimize the number of applications (Martinson et al., 1991 (Martinson et al., , 1994 are the most practical strategies for maximizing biological control by Anagrus spp. Shortening the length of time that residues remain toxic by reducing rates may allow immature Anagrus spp. protected within eggs to survive and persist following an insecticide application.
